Monoclonal antibodies (MAbs) were produced against arabis mosaic nepovirus (AMV). A hybridoma screening procedure was applied which involved the testing of culture supernatants, before the hybridomas were cloned to single cell lines, for their reaction with eight nepoviruses [AMV, cherry leafroll virus (CLRV), grapevine fanleaf virus (GFLV), peach rosette mosaic virus, raspberry ringspot virus (RRSV), tobacco ringspot virus, tomato black ring virus (TBRV) and tomato ringspot virus]. In addition to AMV-specific MAbs, this screening technique has allowed the selection of two cross-reacting MAbs: one reacting with AMV and GFLV, and one reacting with AMV and RRSV. This is the first report of MAbs cross-reacting with these nepoviruses. In addition, five heterospecific MAbs (HS-MAbs) could be selected: two reacting with RRSV, two with CLRV and one with TBRV. The usefulness of the screening technique that was applied for the selection of cross-reacting MAbs and HSMAbs, and the potential use of such antibodies are discussed.
Introduction
Several nepoviruses cause severe economic losses and, because of their wide host range, the frequency of latent infections, the high rates of seed transmission and the restricted geographical distribution of many of them, they represent a considerable quarantine problem (Murant, 1989; Stace-Smith & Ramsdell, 1987) . It would therefore be of great value to have efficient broad spectrum detection methods for the viruses belonging to this group, in order to facilitate virus indexing for quarantine purposes (Frison, 1991) .
In a comprehensive review on nepoviruses, Murant (1981) reported that serological relationships among nepoviruses are limited and that no serological relationships are found between members of different subgroups. Although a serological relationship between arabis mosaic virus (AMV), tomato ringspot virus (TomRSV) and tobacco ringspot virus (TobRSV) was reported by Dietzgen (1986) , this requires confirmation since the conditions under which the assay was carried out led also to cross-reactions with tobacco mosaic tobamovirus (TMV) and potato leafroll luteovirus. Zimmermann & Van Regenmortel (1989) demonstrated that these assay conditions lead to spurious crossreactions. Similar spurious cross-reactions due to the use of BSA as blocking agent have been confirmed recently by Dietzgen & Zaitlin (1991) . The lack of serological relationships among nepoviruses renders virus indexing for quarantine purposes very difficult since a different antiserum has to be used for each virus or, in some instances, for each virus strain.
Routine testing for quarantine purposes often involves large numbers of samples necessitating ample supplies of antisera. Hybridoma technology (K6hler & Milstein, 1975) overcomes the limitations in the quantity of antibodies produced that are inherent to polyclonal antisera production. The purpose of the present study was to investigate the possibility of developing monoclonal antibodies (MAbs) with a broad spectrum reactivity that could be used for quarantine purposes as detection assays for nepoviruses.
Methods
Virus isolates. The virus isolates of AMV, cherry leafroll virusrhubarb isolate (CLRV-Rh), grapevine fanleaf virus (GFLV), peach rosette mosaic virus (PRMV), raspberry ringspot virus (RRSV), TobRSV, tomato black ring virus (TBRV) and TomRSV-raspberry isolate (TomRSV-Ra) used in this study were obtained from the virus collection of Agriculture Canada Research Station, Vancouver, British Columbia, Canada. Most of these nepoviruses were originally isolated from various host plants in British Columbia. AMV and CLRV were isolated from rhubarb, GFLV from grapevine, TobRSV from cherry and TomRSV form raspberry. The PRMV isolate was obtained from D. Ramsdell (Michigan State University East Lansing, Mich., U.S.A.) and the TBRV was a grapevine isolate obtained from L. Stobbs (Agriculture Canada, Vineland, Ontario, Canada) . All virus isolates were propagated in Nicotiana clevelandii.
Virus purification. Infected tissue was homogenized in a Waring blender with 2 ml/g Fulton's buffer (0-05 M-Na2HPO4, 0-02 M-ascorbic acid, 0.02 M-2-mercaptoethanol, pH 8.0). The sap was squeezed through nylon tricot cloth and centrifuged for 20 rain at 15000g. The supernatant was adjusted to pH 5.0 with HC1, left overnight at 4 °C and centrifuged for 20 min at 15000 g. NaCI (1%) and polyethylene glycol (PEG) 6000 (8%) were added to the supernatant, stirred for 60 to 90 rain at 4 °C and the mixture was centrifuged for 20 rain at 15000 g. Pellets were resuspended in 1/10 of the original volume of 0-05 Msodium citrate buffer pH 7.0, with 1% NaC1, stirred for 1 h and centrifuged for 20 rain at 15000 g. The supernatant was then centrifuged at 105000g for 90 rain and the pellet resuspended in citrate buffer, layered on a 10 to 40% sucrose gradient and centrifuged for 90 rain at 171000g. The virus peaks were removed, diluted 1 : 2 with buffer and centrifuged at 180000 g for 2 h, and the pellet was resuspended in 0-05 M-sodium citrate buffer pH 7-0. The virus purity was verified by SDS--PAGE. Virus subunits were obtained by SDS treatment.
Polyclonal antibodies. Rabbit antisera against the different nepoviruses were obtained from the antiserum collection of Agriculture Canada Research Station. Immunoglobulins were purified from the antisera by ammonium sulphate precipitation and DEAE--cellulose column chromatography as described by Clark et al. (1986) . The immunoglobulins were adjusted to approximately I mg/ml (A280 = 1.4) and stored in aliquots of 0.2 ml at -20 °C.
Hybridoma production and screening. Three female BALB/c mice were injected subcutaneously with 100 ~tg of antigen (mixed with an equal volume of Freund's incomplete adjuvant). After 1 month, a second (booster) injection of 100 I.tg was given intraperitoneally to one mouse. The spleen of the mouse was harvested aseptically 5 days after the booster injection.
FOX-NY myeloma cells (Hyclone Laboratories) were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 1 mM-pyruvate, 2 mM-L-glutamine and 10% foetal calf serum (FCS). The myelomas and hybridomas were grown at 37 °C in an atmosphere of 10% CO2. Spleen cells were fused with myeloma cells, at a ratio of approximately 10:1, in DMEM containing 50% PEG 4000 and 10% DMSO. The cell fusion mixture was dispensed into five 96-well culture plates and incubated in AAT selection media [DMEM containing 20% FCS, 75 ~tM-adenine, 0.8 ixM-aminopterin and 16 ~tM-thymidine (Taggart & Samloff, 1983) ] with mouse thymocytes as feeder cells. After 10 days, culture fluids from the hybridomas were screened for anti-virus antibody production by a triple antibody sandwich ELISA (TAS--ELISA) using sap from infected and healthy plants. Hybridoma lines producing antibodies that tested positively against the homologous antigen and negatively against healthy tobacco sap were transferred to 1 ml culture plates and tested against the homologous antigen and seven other nepoviruses. Hybridoma lines of interest were cloned twice to single cell lines by limiting dilution (Coller & Coller, 1986) , grown in cell culture and retested several times. Hybridoma lines producing cross-reacting antibodies were recloned once more. Cell lines of interest were stored at -140 °C. The remaining two mice were kept as a back-up, to be boosted at a later date, in case further fusions were required.
Production of antibodies in ascitic fluid and antibody isotyping. For production of antibodies in ascitic fluid, BALB/c mice were primed intraperitoneally with 2,6,10,14-tetramethylpentadecane (Pristane) 10 days before intraperitoneal injection of approximately 107 hybridoma cells. Ascitic fluid was collected 10 to 20 days after injection by inserting an 18-gauge needle into the peritoneal cavity of mice showing pronounced abdominal swelling. After low speed centrifugation at 8700g for 20 min to remove cellular debris, the ascitic fluid supernatant was stored at -20 °C until required.
The isotype of MAbs was determined by double antibody sandwich ELISA (DAS-ELISA) using a mouse hybridoma sub-isotyping kit (Calbiochem). Subeloned hybridoma supernatant fluids were tested using the manufacturer's protocol.
ELISA. A TAS-ELISA procedure was used for screening hybridomas for antibody production and for testing antibody specificity (Martin & State-Smith, 1984) . Tests were carried out in flat-bottomed Linbro microtitre plates (Flow Laboratories). All reagents were used at 100 ~tl per well, except the blocking steps for which 200 p.1 per well was used. Plates were coated overnight at 4 °C with serum immunoglobulins homologous to the antigen to be tested, diluted to 1 Ixg/ml in PBS (127 mM-NaCI, 2.6 mM-KCI, 8.5 mM-Na2HPO4, 1-1 mM-KH2PO4). Plates were washed and blocked with 0.2% (w/v) non-fat milk powder in PBS for 30 rain at room temperature (Johnson et al., 1984) . Leaf tissues from infected and healthy plants were ground using a sap extractor (Erich Poll~hne, Germany) with 10 vol. of extraction buffer (PBS containing 0.2% non-fat milk powder) added drop-wise onto the bevelled rollers. Extracts were incubated in the wells for 1 h at 37 °C, washed and blocked again as above. Culture fluid supernatants (used as such or diluted in extraction buffer) were incubated in the wells for 1 h at 37 °C. Plates were washed and conjugate (rabbit anti-mouse alkaline phosphatase, Jackson Immunoresearch Laboratories), diluted 1:5000 in extraction buffer, was incubated in the wells for 1 h at 37 °C. After washing of the plates, pnitrophenyl phosphate substrate at 0.5 mg/ml in 10% diethanolamine, pH 9-8, was added to the wells and incubated for I to 3 h at 37 °C. The absorbanee of each well was measured at 405 nm in a Titertek Multiskan MCC plate reader (Flow Laboratories). Antigen-coated plate ELISA (ACP-ELISA) was also used to screen the clones of interest. Plates were coated with 1 ~tg/ml antigen in PBS, incubated overnight at 4 °C, washed and blocked as above. All other steps were similar to the TAS-ELISA. ELISA reactions were scored + + + for measurements above 1"0, + + for measurements of 0.5 to 1.0, and + for measurements less than 0.5 but greater than three times the mean of the measurements of the healthy control. Values below this threshold were considered to be negative (-).
Results
The results reported here are derived from the assays of the hybridomas produced by one fusion with splenocytes from a mouse immunized with AMV virions, because this was the only fusion that resulted in the production of cross-reacting and heterospecific antibodies. Other fusions were carried out using the following antigens: AMV subunits, a mixture of CLRV-Rh virions and subunits, GFLV subunits, RRSV virions, TBRV virions, TBRV subunits, TobRSV virions, a mixture of virions of five nepoviruses and a mixture of subunits of five nepoviruses. All the hybridomas produced by these fusions were screened as described above and produced only MAbs that were specific to the virus used as immunogen (data not shown).
Of the 480 wells tested in the first screening, 57 showed a reaction with sap from AMV-infected plants and not with sap from healthy plants in TAS-ELISA. Hybridomas from these 57 wells were transferred to 1 ml culture plates and tested against AMV and seven other nepoviruses (RRSV, TBRV, TomRSV-Ra, TobRSV, PRMV, CLRV-Rh and GFLV) before cloning to single cell lines. In this test, the supernatants from some wells reacted with one or more nepoviruses in addition to AMV.
After cloning to single cell lines and selecting stable, antibody-secreting hybridoma lines by repeated testing against the eight nepoviruses in TAS-ELISA, it appeared that two hybridoma lines produced cross-reacting antibodies (AMV 4-7 reacted with AMV and GFLV; AMV 4-14 reacted with AMV and RRSV) and five hybridoma lines produced heterospecific antibodies (HS-MAbs) that reacted with a different nepovirus but did not react at all with AMV (AMV 4-6 and AMV 4-11 reacted with RRSV; AMV 1-8 reacted with TBRV; AMV 4-2 and AMV 5-12 reacted with CLRV-Rh). The five HS-MAbs were detected because they were originally in a well together with hybridomas secreting AMV-specific antibodies; they were separated by cloning. In addition to the screening using TAS-ELISA, the five HS-MAbs also failed to react with AMV subunits in ACP-ELISA, they did not react with AMV in double diffusion tests and gold labelling tests failed to show specific binding to AMV. Four hybridoma lines producing antibodies specific to AMV were also selected.
None of the MAbs reacted with PRMV, TobRSV, TomRSV-Ra, pepper mild mottle tobamovirus (PMMV), TMV, potato S carlavirus (PVS), potato X potexvirus (PVX), southern bean mosaic sobemovirus (SBMV) nor tomato bushy stunt tombusvirus (TBSV) in TAS-ELISA. The results of the screening by TAS-ELISA and the immunoglobulin (Ig) subclass are summarized in Table 1 .
The results of antibody dilution series tests (Fig. 1 ) show that the cross-reacting MAbs react similarly with the two viruses in TAS-ELISA. The results of TAS-ELISA dilution series tests with the HS-MAbs AMV 4-11, AMV 4-8, AMV 1-8, AMV 4-2 and AMV 5-12 are shown in Fig. 2 . With all the HS-MAbs, the A4o5 readings obtained for AMV-infected sap are similar to those obtained with healthy sap.
To demonstrate that the HS-MAbs react with virus and not with a plant protein made in virus-infected plants, they were tested in TAS-ELISA using dilution series of purified virus preparations containing 1 mg/ml virus. The results of these tests are given in Fig. 3 . The lower A405 readings of AMV 4-6 with purified RRSV compared to RRSV-infected sap and of AMV 5-12 with purified CLRV-Rh compared with CLRV-Rh-infected sap would indicate that these MAbs are very sensitive to conformational changes in the antigen occurring during virus purification.
AMV subunits were used in ACP-ELISA with a dilution series of ascitic fluid of the cross-reacting and HS-MAbs. None of the HS-MAbs reacted with AMV subunits in ACP-ELISA, but the two cross-reacting MAbs did (Fig. 4) .
Discussion
The nepovirus group is divided into subgroups based on serological relationships (Murant, 1981) . AMV and RRSV belong to different subgroups and are transmitted by nematodes of different genera, Xiphinema diversicaudatum and Longidorus spp., respectively (Harrison & Murant, 1977) . AMV and GFLV belong to the same subgroup, but despite a serological differentiation index of 4 to 5 for AMV and GFLV (Cadman et al., 1960; Vuittenez, 1970) , earlier attempts to produce a MAb reacting with both AMV and GFLV were unsuccessful (Dietzgen, 1986; Huss et al., 1987) .
Although it is generally considered that MAbs are not suitable for the detection of serological relationships between distantly related viruses (Altschuh et al., 1985; Briand et al., 1982) , we have shown that, when the hybridoma screening technique is adapted, it is feasible to produce MAbs that react well with distantly related viruses (AMV and GFLV) or even viruses reported to be serologically unrelated, i.e. AMV and RRSV.
Heterospecific antibodies, also called heteroclitic antibodies, have been reported for many years (M/ikel/i, 1965) . In most cases they resulted from research with induced mutants or with serologically related strains of TMV (A1 Loor, 1971; Van Regenmortel, 1967 , 1982 , 1984 . To our knowledge, this is the first report of HS-MAbs reacting specifically with plant viruses belonging to different subgroups for which no serological relationships have been reported. The hybridomas producing these HS-MAbs could be selected because, unlike in most screening procedures, the reaction of the MAbs to a broad range of heterologous antigens was tested right at the beginning of the screening procedure, before the hybridomas were cloned to single cell lines. The probability of selecting HS-MAbproducing hybridomas could be further increased by using a variety of different antigens in the first screening, when all wells are tested. In our case, only those HSMAb-producing hybridomas that were in a well together with a hybridoma producing antibodies to AMV were selected. They were later separated by cloning to single cell lines.
We believe that HS-MAbs can be more widely exploited. By involving a variety of different antigens of interest (different virus strains, different members of a virus group etc.) in the initial screening of hybridomas, the number of fusions that are required to obtain a panel of MAbs possessing the desired specificity could be greatly reduced.
Although we have demonstrated the feasibility of producing MAbs specific to more than one nepovirus, including viruses belonging to different subgroups for which no serological relations had been reported, it seems unlikely that a MAb capable of detecting all nepoviruses can be readily produced. The amino acid sequence of the putative coat protein genes of four nepoviruses (TomRSV, TBRV, Hungarian grapevine chrome mosaic virus and GFLV) have recently been compared (Rott et al., 1991 ) and it appears that less than 25% sequence identity is observed between TomRSV and any of the three other viruses. Furthermore, only one sequence of three amino acids is common to all four viruses. The lack of sequence homology confirms the unlikelihood of common epitopes among all, or most, of the members of the nepovirus group.
The fact that, by using the appropriate screening technique, we were able to identify common epitopes between viruses for which little or no serological relationship has been demonstrated, together with the broad spectrum tests which have been produced recently for potyviruses (Jordan & Hammond, 1991 ; Shukla et al., 1989) , and to some extent for luteoviruses (Murphy & D'Arcy, 1991) , opens the way for the development of MAbs with a broader spectrum for other virus groups. These will prove to be very useful tools for quarantine testing.
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